Background and objectives Atrial fibrillation frequently complicates CKD and is associated with adverse outcomes. Progression to ESRD is a major complication of CKD, but the link with atrial fibrillation has not been fully delineated. In this study, we examined the association of incident atrial fibrillation with the risk of ESRD in patients with CKD.
Introduction
Atrial fibrillation (AF) is the most common sustained arrhythmia worldwide (1) . Patients with CKD comprise nearly 14% of the population (2) and have even greater burden of AF. The incidence of AF is estimated to be two-to threefold higher (3) in patients with CKD compared with the general population. Moreover, AF is associated with poor outcomes, such as greater risks of ischemic stroke, myocardial infarction, and death (4) (5) (6) (7) (8) .
Although it is generally accepted that CKD is associated with a higher risk of developing AF, few studies have evaluated the potential relationship between AF and risk of poor kidney-specific outcomes (9) . One study of Japanese participants found that prevalent AF at entry was associated with a nearly twofold higher risk of developing incident CKD or proteinuria (10) . Among a high-risk CKD clinical practice population, we found that incident AF was associated with a 67% (95% confidence interval 1.46 to 1.91) greater relative risk of ESRD among patients enrolled in a large, integrated health care delivery system (11) . Limitations of this prior work included reliance on clinically obtained measures of kidney function and inability to account systematically for proteinuria, a potentially important confounder (11) .
Given the growing population with CKD, a better understanding of the long-term effect of AF on the risk of adverse kidney outcomes in patients with CKD would have potentially important implications for the management of this high-risk group of patients by internists, cardiologists, and nephrologists. Thus, to address limitations of prior studies, we examined the association of incident AF with the risk of developing ESRD among a large, diverse cohort of participants in the largest, multicenter prospective cohort study of adults with CKD.
Materials and Methods

Study Population
We studied participants with CKD enrolled in the Chronic Renal Insufficiency Cohort (CRIC) Study. In Exclusion criteria included severe (New York Heart Association class 3/4) heart failure and polycystic kidney disease among others previously described (12) . Details on study design and baseline characteristics of the participants were previously published (12, 13) . Informed consent was obtained from all study participants, and local institutional review boards approved this study.
In total, 3091 participants were included in this analysis after excluding persons with prevalent AF at cohort entry (n=848), which was determined by self-report or presence of AF on 12-lead electrocardiogram (ECG) at cohort entry (14) . All study participants provided written informed consent, and the study protocol was approved by institutional review boards at each of the participating sites.
Predictor Variable
Incident AF was the main predictor of interest. Incident AF was determined by identification of hospitalizations involving AF during study follow-up. Participants were asked twice yearly if they were hospitalized, and electronic health records from selected hospitals or health care systems were additionally queried for qualifying encounters. Diagnostic codes for AF and other arrhythmias prompted retrieval of medical records and centralized adjudicated review for the presence of AF. At least two study physicians reviewed all possible AF events by manual review of relevant medical records and ECGs. All discordances were discussed by the two reviewers and resolved. AF was confirmed when both reviewers agreed on the diagnosis of AF. Incident AF that developed after the onset of ESRD was excluded.
Outcomes
The primary study outcome was ESRD, defined as receipt of chronic dialysis or kidney transplant, from study entry through March 31, 2012. ESRD was identified through participant self-report, medical records review, and data from the US Renal Data System. For this analysis, patients were censored at death, loss to follow-up, or end of administrative follow-up in March of 2012. Deaths were identified from report from next of kin, retrieval of death certificates or obituaries, review of hospital or outpatient records, and searching Social Security Death vital status and state death certificate files, if available.
Covariates
At the baseline study visit, participants provided information on their sociodemographic characteristics, medical history, medication usage, and lifestyle behaviors. For this analysis, race/ethnicity was categorized as nonHispanic white or non-Hispanic black. Anthropometric measurements and BP were assessed using standard protocols (15). Body mass index was derived as weight in kilograms divided by height in meters squared. Serum creatinine concentration was measured using an enzymatic method on an Ortho Vitros 950 at the CRIC Central Laboratory and standardized to isotope dilution mass spectrometrytraceable values (16) (17) (18) . Additional assays measured serum cystatin C, serum phosphorus, 24-hour urine total protein, glucose, LDL cholesterol (mathematically derived), HDL cholesterol, fibroblast growth factor 23, and total parathyroid hormone. The aforementioned assays were performed at the central laboratory with the exception of parathyroid hormone (measured at Scantibodies Laboratory Inc.) and hemoglobin (locally measured). Diabetes mellitus was defined as a fasting glucose .126 mg/dl, a nonfasting glucose .200 mg/dl, or use of insulin or other antidiabetic medication. eGFR was calculated from serum creatinine and cystatin C using a CRIC Study equation (18) . Transthoracic echocardiograms were performed 1 year after enrollment; they provided data on left ventricular ejection fraction and left ventricular mass index (19) (20) (21) (22) and were quantified centrally by a highly trained Registered Diagnostic Cardiac Sonographer.
Statistical Analyses
All analyses were performed using SAS 9.3 (SAS Institute Inc., Cary, NC). We compared baseline characteristics of participants who did versus did not develop incident AF using t tests or chi-squared methods as appropriate. Crude rates of ESRD were calculated per 100 person-years for those with and without incident AF.
We performed multivariable Cox proportional hazards regression to examine the association between development of incident AF during follow-up and risk of ESRD. Follow-up for each subject started on the index date and continued until loss to follow-up, death, end of study period, or occurrence of the outcome event (i.e., ESRD). AF was a time-updated exposure. Thus, if a patient developed AF during follow-up, they contributed time to the no AF exposure group before being diagnosed with incident AF. After being diagnosed with AF, they would contribute person-time to the incident AF exposure group. Baseline variables included in models were sociodemographics, clinical center, tobacco use, history of heart failure, history of coronary heart disease, history of hypertension, history of diabetes, systolic BP, body mass index, hemoglobin level, diuretic use, and angiotensin converting enzymes inhibitor/angiotensin receptor blocker use. Quadratic spline terms for continuous urine proteinuria and eGFR were included to account for nonlinear relationships.
Given the concern for time-dependent confounding and our interest in a potential causal relation between incident AF and ESRD, we performed marginal structural models (MSMs), which apply inverse probability weighting in a discrete time failure model (23) . A substantial body of work has emerged showing the usefulness of statistical tools, like MSM, in the areas of HIV and CKD (24, 25) . Briefly, MSM is a two-step approach, wherein models were first fit to predict the probability of AF during followup (i.e., the exposure of interest) and the probability of noncensoring, and second, inverse probability-weighted models were fit for the outcomes. Inverse probability weighting was also used to handle censored events and missing data. In the MSM, both AF and covariates were time updated with the exception of sex, race/ethnicity, and education level (26) . Additional details of the MSM method specific to this analysis are provided in Supplemental Appendix. Hazards ratios (HRs) and 95% confidence intervals (95% CIs) were reported for all models.
On the basis of a priori hypotheses about potential differences across key patient subgroups, we conducted stratified analyses by age (,60 and $60 years old), sex (men and women), race (white and black), diabetes status (yes or no), and eGFR level at entry (,45 and $45 ml/min per 1.73 m
2 ). We also tested for potential interactions between incident AF and these covariates. Details are provided in Supplemental Appendix.
Results
Among the 3091 participants in our study, 172 developed incident AF, with the mean timing of detection of 3.79 years from cohort entry in those who developed incident AF. Participants who developed incident AF were older, more likely to be white, more likely to have lower entry eGFR, more likely to have prior cardiovascular disease, and more likely to be receiving b-blockers and diuretics at entry (Table 1) . Participants who developed incident AF were also more likely to have left ventricular hypertrophy, higher left atrial diameter, and lower left ventricular ejection fraction by echocardiogram.
During mean follow-up of 5.9 years, there were 624 patients with ESRD (43 for those with incident AF and 581 for those without incident AF). The rate of ESRD after development of incident AF was 11.8/100 person-years compared with 3.4/100 person-years among participants who did not develop incident AF.
In unadjusted Cox regression models, where incident AF was treated as a time-updated exposure, incident AF was associated with a greater than threefold greater relative rate of ESRD (HR, 3.4; 95% CI, 2.5 to 4.7). After adjustment for baseline covariates, this association remained statistically significant and strong (adjusted HR, 3.3; 95% CI, 2.4 to 4.6) ( Table 2 ). Using MSM with inverse probability weighting that further accounted for possible time-dependent confounding, we still found that incident AF with associated with a notably higher adjusted rate of ESRD (adjusted HR, 3.2; 95% CI, 1.9 to 5.2).
In addition, in MSMs stratified by important patient subgroups, we found a strong association of incident AF with risk of ESRD across different ranges of age, sex, race, diabetes status, and baseline eGFR category (Figure 1) . However, interaction by race was marginally significant and interaction by presence of diabetes mellitus was statistically significant, with non-Hispanic whites (versus non-Hispanic blacks) and participants without diabetes mellitus (versus participants with diabetes mellitus) having greater risk of ESRD with development of incident AF (Figure 1 ).
Discussion
Among a well characterized, large, prospective cohort of participants with CKD longitudinally followed for up to 9 years, we found that development of incident AF was associated with a greater than twofold higher rate of ESRD, independent of baseline measures of kidney function and a wide range of other possible explanatory factors. This association was robust among important subgroups by categories of age, sex, race/ethnicity, diabetes status, and baseline level of eGFR and significantly stronger among white participants and those without diabetes. These findings support that AF is strongly associated with adverse kidney-specific outcomes, which are particularly relevant in the high-risk CKD population, and add to the set of other known complications of AF (e.g., ischemic stroke).
This study extends our previous work, which also showed a strong association between incident diagnosed AF and excess risk of ESRD among patients with CKD enrolled in Kaiser Permanente Northern California, a large integrated health care delivery system (11). Interestingly, this study using a more rigorous prospective cohort design revealed a stronger association of incident AF with risk of ESRD. We found that incident AF was associated with a greater than twofold higher risk of ESRD compared with a 67% greater risk in our prior study (11) . Important differences in the study populations likely explain the differences in the strength of the association: this study examined a well characterized prospective cohort of patients with CKD from multiple centers throughout the United States who had standardized annual measures of eGFR (rather than eGFR measures obtained for clinical indications) and had systematic quantification of proteinuria and other possible confounders. The findings of this study were also consistent when using multiple statistical approaches for evaluation of this association and carefully considering important issues of time-dependent confounding. Interestingly, even with careful adjustment and weighting of time-updated eGFR measures, BP, and comorbid disease, such as heart failure, incident AF more than doubled the risk of ESRD. Overall, these two complimentary studies support a growing body of evidence that incident AF may contribute to the risk of progression to ESRD among patients with CKD, independent of baseline eGFR. This is consistent with prior work that has established strong associations of other types of cardiovascular disease, such as heart failure and myocardial infarction, with adverse kidney outcomes (27, 28) , highlighting the complex and potentially bidirectional interactions between kidney and cardiac diseases.
We found that the observed associations of incident AF with risk of ESRD were stronger among white participants and participants without diabetes. These findings are interesting, because white patients are at significantly higher risk for developing AF compared with black patients (29, 30) . Our results are consistent with previous work that suggests that white patients with AF are at higher risk of death compared with black participants with AF (31). Our data do differ from some prior studies suggesting a lower incidence of AF but a higher risk of AF-related complications in blacks compared with whites. For example, in the Reasons for Geographic and Racial Differences in Stroke Study, the association of AF with myocardial infarction was significantly greater in blacks compared with in whites (5) . Among prevalent patients with dialysis, chronic AF was significantly associated with higher risk of ischemic stroke, and this association was stronger in blacks compared with in whites (6) . However, the differences in our findings from these other studies may be related to our focus on kidney-specific outcomes. We also noted a higher risk of ESRD with incident AF in participants without diabetes compared with in participants with diabetes. The reasons for this finding are unclear, but it is plausible that AF may have a greater contribution in nonpatients with diabetes, because they may be less likely to have other concomitant risk factors (e.g., uncontrolled hypertension or more severe heart failure) that may contribute to risk of ESRD. These findings warrant additional exploration in future studies.
Several possible mechanisms may explain how AF could contribute to greater risk of ESRD. AF contributes to decline of left ventricular systolic and diastolic function over time (32, 33) , which may promote progression of CKD through altered cardiac hemodynamics (33, 34) . Animal studies have also suggested that AF may directly and adversely affect renal hemodynamics. In a study of dogs, induction of AF caused prolonged renal vasoconstriction and decreased renal blood flow, even greater than the effects seen on cardiac output and mean arterial pressure (35) . AF can also induce fibrosis within the myocardium (36) , and animal studies have suggested that AF may also lead to renal fibrosis as well. In a study of pigs, AF directly led to increased renal expression of proteins involved in fibrosis, such as TGF-b (37). Other possible mechanisms may be related to inflammation, which is higher in the setting of AF and may lead to kidney dysfunction (38) (39) (40) (41) (42) . It is also plausible that AF may be prothrombotic, leading to renal microinfarcts, similar to silent cerebral infarcts that have been noted in patients with AF (43) . Given the strong associations in our study, additional understanding of mechanisms to explain our findings may help lead to targeted therapies to mitigate adverse renal outcomes. Observational data suggest that treatment of AF may be associated with improvement in kidney function. In a small study of patients with AF undergoing catheter ablation, eGFR level increased 115 days after ablation, particularly so in those with CKD (44) . In another prospective study of patients with AF undergoing ablation, kidney function improved 1 year after ablation, and the greatest improvement in kidney function was seen in those with the lowest baseline eGFR (45) . Specifically, a 6-ml/min per 1.73 m 2 increase in eGFR was seen in those with eGFR,59 ml/min per 1.73 m 2 at baseline (45) . Although these studies are intriguing, they are observational, are small in size, and study primarily patients with preserved kidney function. Additional studies of AF treatment and its effect on progression of kidney disease in patients with CKD are needed.
Our study had several notable strengths. We prospectively examined a very large, diverse sample of well characterized patients with CKD. The CRIC Study is the largest prospective CKD cohort to date, with almost 10 years of follow-up and systematic data collection. Incident AF was captured through rigorous processes, including physician adjudication of ECGs obtained during hospitalizations and presence of AF on a research protocol-driven outpatient ECG obtained annually and centrally adjudicated by the CRIC ECG Reading Center. Our primary end point was ESRD requiring dialysis or renal transplant, which was comprehensively captured. We were able to adjust for a large array of important confounders in our analyses, including proteinuria, and address the potential problem of time-dependent confounding. Our study also had some limitations. Classification of types of AF (paroxysmal, persistent, and permanent) was not available in the CRIC Study. We were not able to comprehensively capture all outpatient AF, because ambulatory ECGs performed as part of usual clinical care were unavailable. We were also unable to capture patients with undiagnosed paroxysmal AF in this study. However, if anything, this would likely have biased our results toward the null, because we are likely misclassifying some patients with AF and underestimating the burden of AF in this population. We were not able to examine interim changes of eGFR before ESRD because of only annual measurement of eGFR per the study protocol. In this observational study, we were also unable to determine the exact mechanisms explaining the association between AF and ESRD. We cannot completely rule out residual confounding, although we were able to statistically adjust for a wide range of potential explanatory factors, including measures of left atrial and ventricular disease from research-grade echocardiograms, C-reactive protein, and mineral metabolism markers. Finally, we conducted our study among research study volunteers, and therefore, our findings may not be completely generalizable to all CKD populations.
In conclusion, incident AF is associated with a greater than twofold higher rate of ESRD among patients with CKD, independent of known clinical risk factors and baseline measures of kidney function. Additional study is needed to delineate the contributing factors leading to the development of AF in the setting of CKD and potentially modifiable pathways through which AF is associated with a higher rate of progression to ESRD. Our study highlights the clinical importance of identifying AF in the growing population of adults with CKD, and more aggressive monitoring and treatment of patients with CKD and AF may be warranted to improve outcomes in this high-risk patient population.
